Year class strength (YCS) was estimated for the 25 year period between 1972 and 1996. The index (YCS) was based on the mean number of six year old female fish caught per tide (1972)(1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989)(1990)(1991) in a net fishery at the start of the freshwater phase of their spawning migration, or predicted from juvenile data (1992)(1993)(1994)(1995)(1996). The variation in recruitment as measured by the coefficient of variation for the 20 year period (1972 to 1991) was 124.5 %. There was good spawning success in 1976 and 1989 and particularly poor recruitment in the periods 1977 to 1981 and 1985 to 1988. Since 1990 recruitment has remained relatively stable.
INTRODUCTION
Recruitment in Alosa fallax populations has been found to vary between years with good recruitment associated with warm years (HOLMES and HENDERSON, 1990) . How populations are regulated, the degree to which density dependent and independent processes control a population are essential prerequisites for effective fisheries management. Such an understanding enables managers to predict trends in recruitment, abundance and understand how the population will respond to exploitation. For populations regulated mainly by density dependent processes, where fishing mortality will in part be compensated for by a reduction in natural mortality and/or an increase in growth or fecundity, the management response will be different when compared to a population that is controlled mainly by density independent factors. In the case of the latter, fishing will result in additional mortality being placed on the population.
Year class strength (YCS) of Alosa sapidissima has been shown to be mainly under the control of abiotic factors, in particular flow and temperature (MARCY, 1976 ; LEGGETT, 1977 ; CRECCO and SAVOY, 1984) , and secondary related to the size of the spawning stock (CRECCO et al., 1986) . Similarly HENDERSON and BROWN (1985) found that YCS for a landlocked population of Alosa pseudoharengus was determined mainly by water temperature. Though the direct mechanism has not been determined it was postulated by CRECCO and SAVOY (1987) that regulation was through advection of the larvae away from their food supply, into areas of higher predation pressure and/or into environments which the fish are not physiologically adapted.
Twaite shad enter the Severn Estuary in April at the start of the fresh water phase of their spawning migration (APRAHAMIAN, 1981) . Spawning occurs between May and July with June being the main month (APRAHAMIAN, 1982) . The juveniles are present in the estuary from July until they migrate seaward in the autumn (CLARIDGE and GARDNER, 1978 ; APRAHAMIAN 1988) . A portion of the one-year-old fish re-enter the estuary in the spring before again migrating seaward in the autumn (APRAHAMIAN, 1988) . The aim of this study was to investigate what factors were important in controlling recruitment of Alosa fallax in the River Severn.
MATERIAL AND METHODS

Catch
The adult population of Alosa fallax fallax entering the Severn Estuary at the start of the freshwater phase of their spawning migration was sampled between 1979 and 1996. Counts of twaite shad caught were obtained from the salmon (Salmo salar L.) putcher net fishermen operating near Lydney on the Severn Estuary (National Grid Reference ST611991) (Figure 1 ) between April 15 th and August 15 th . The putcher rank consists of 650 conical shaped traps constructed from metal bar 6 mm in diameter, designed to sieve fish on both the flood and ebb tides, for details see APRAHAMIAN (1981) . Between 1979 and 1988 the size of the traps and their arrangement in the rank has changed, after 1988 fishing effort was constant. The changes affected the size of the opening of the traps as opposed to the spacing of the bars and thus their selectivity was considered not to be affected. The effect of the changes on fishing effort is shown in Table I . The raising factors used so that the catches taken between 1979 and 1987 were comparable with those after 1987 are presented in Table I . For the years 1982 to 1984 no estimates of fishing effort were available. Over the period 1982 to 1984 the construction material of the traps was altered from mild to stainless steel ; it was not possible to estimate the impact of this on the catch. In 1982 no sampling was possible, as the putcher rank collapsed.
Figure 1
The lower River Severn, sampling was carried out near Lydney for adults during the freshwater phase of their spawning migration and at Hinkley Point Power Station for juvenile Alosa fallax. (APRAHAMIAN, 1981) . Samples of the catch or sub-samples (50 fish) of the catch if the number of fish caught exceeded 50, were taken in order to partition the run according to sex, age and spawning history. Age and spawning history was determined from scales (BAGLINIÈRE et al., 2000) . As the timing of the migration through the estuary differed between years (APRAHAMIAN, 1988) the migration was divided up into eight periods (week) of between 13/14 tides and one of 18 tides. The latter was the first period and took account of the number of days required to install the putcher rank. The periods were ranked according to catch per unit effort (CPUE), the top five periods were used to calculate an index of the size of the spawning stock (mean catch per tide). This was because in some years no, or relatively few, samples were taken towards the end of the run. The proportion of the available tides sampled ranged from 5 % to 67 % (mean = 31 % yr -1 ) and the number of fish aged ranged from 110 to 617 (mean 359 fish yr -1 ), excluding 1982. No estimate of selectivity of the fishery was made only an index of abundance for each age class being required. The CPUE index was calculated separately for males and females as follows :
where :
[ = mean catch of shad per tide of fish age i, spawning number j (spawning number 1 is a fish spawning for the first time or virgin spawner, spawning number 2 is a fish spawning for the second time it will have one spawning mark on its scale etc.) in period k.
In the years 1979 and from 1982 to 1984 where < 10 % of the total number of tides available to sample (127 tides between April 15 th and June 19 th ), the index was estimated using the change in abundance between successive age groups calculated as follows : û ij = Log e (CPUE Index (t) û ij = Instantaneous rate of change between successive age groups for fish of a particular age (i) and spawning number (j).
CPUE Index = the mean catch per tide for the five periods, of fish of a particular age (i) and spawning number (j).
The 1979 index was back calculated using the 1980 CPUE index and the instantaneous rate of change between the years 1980 and 1981. For the period between 1982 and 1984 the CPUE index for fish age 6 and older for sample year 1982, 7 and older for fish caught in 1983 and for fish 8 and older from 1984 were estimated from the 1981 CPUE index and the instantaneous rate of change between the years 1980 and 1981. The other age classes were back calculated from the 1985 CPUE index and the instantaneous rate of change between the years 1980 and 1981 and between 1985 and 1996 . This was done to make allowance for the change in construction material and because it provided the closest approximation to the age structure recorded in 1983 and 1984 . Only samples where the number of fish from a particular age group and spawning number were _ 5 were used to estimate the instantaneous rate of change.
Year class strength
Year class strength (YCS) was taken as the CPUE index of female A. fallax age 6 years. The CPUE index at age 6 was used as the measure of recruitment as (1) the age at maturity was not constant between cohorts varying by up to a year and (2) at age 6 > 98 % of the fish have matured so that a cohort can be regarded as fully recruited to the adult population (APRAHAMIAN and LESTER, 2001) . For the 1974 and 1975 year classes and those between 1979 and 1991, YCS was determined directly from catch data using equation 1. For the 1973 and for the 1976 to 1978 year classes YCS was estimated from the CPUE index and the instantaneous rate of change as outlined above. The 1972 YCS was estimated from the number of seven year old fish caught in 1979, assuming that 68 % of fish age 6 survive to age 7. The survival rate was determined from the relationship between the number of fish aged six caught in year n and the number of seven year old fish caught in year n+1, for the 1973 to 1990 year classes (APRAHAMIAN and LESTER, 2001 ).
Quantitative monthly sampling of juvenile Alosa fallax has been carried out at Hinkley Point 'B' Nuclear Power Station (National Grid Reference ST212461) ( Figure 1 ) since October 1980 (except during 1986) (P. HENDERSON, Pisces Conservation Ltd., IRC House, The Square, Pennington, Lymington, Hampshire, SO41 8GN, UK). Sampling dates were chosen to work tides of intermediate range in the spring-neap cycle. On each visit six consecutive one hour samples were collected in plastic baskets of 6 mm mesh size, positioned to collect all the debris washed from two of the four drum screens. The drums screens filter the cooling water into the power station. The debris was sorted and the number of Alosa fallax captured per hour recorded. The standard length of the fish was measured. The method is selective towards juvenile fish with the majority of A. fallax caught being of age 0+ (HOLMES and HENDERSON, 1990) .
For the years 1992 to 1996 YCS was estimated from the relationship between the number of juvenile twaite shad caught at Hinkley Point 'B' Nuclear Power Station between June 1 in year n and May 31 in year n+1, and the CPUE index of six year old female shad caught in the putcher fishery in year n+6 (Figure 2 ). YCS was transformed using natural logarithms to give the best approximation to a normal distribution. The relationship between the CPUE index of adult 6 year old female Alosa fallax caught at Lydney and the CPUE of juvenile (age 0+) caught at Hinkley Point Power station six years previously.
Figure 2
Relation entre l'index CPUE de femelles adultes Alosa fallax de 6 ans capturées à Lydney et la CPUE de juvéniles (âge 0+) capturés six ans plutôt à la centrale électrique Hinkley Point.
Environmental factors
Mean daily flow for the period 1972 to 1996 and mean daily temperature from 1989 to 1996 was obtained from Saxon's Lode on the River Severn (National Grid Reference SO863390). Daily temperature (0900 hr) in the Severn Estuary between 1972 and 1996 was obtained from Oldbury Nuclear Power Station (National Grid Reference ST603947). A significant correlation existed between the temperature recorded in the river at Saxon's Lode and that in the estuary for the months May to October 1989 to1996 (r 2 = 0.69 -0.95 ; p ^0.02). Therefore the Oldbury data were used to represent the temperature conditions in both environments. The best approximation to a normal distribution was obtained using Log e flow and untransformed temperature data.
RESULTS
The catch of twaite shad in the Severn Estuary between 1979 and 1996 reached a peak in 1982 followed by a decline to a minimum in 1985. The number caught then increased steadily attaining another peak in 1994, after which the catch declined slightly The relationship between YCS and the environmental variables was examined for the complete data set covering the 1971 to 1996 year classes and that based on catch data from the fishery i.e. the 1979 to 1991 year classes. This was carried out to determine if the effect of extrapolating and predicting data had seriously affected the relationship between YCS and the environmental variables. Table II compares the percentage of variability explained by a straight-line regression for the two time periods. Though the level of significance differed, reflecting in part the difference in sample size, the percentage of variability explained for the two time series was similar. This suggests that little bias was introduced as a result of extending the data series to 25 years. Further analysis was therefore carried out on the full 1972 to 1996 data set. The relationship between Log e YCS, water temperature and Log e flow for the months May to October in their first year are shown in Figure 6 and 7. Water temperature was positively correlated to YCS with mean July temperature explaining the greatest proportion of the variance in YCS, followed by August, June and October ; May and September did not significantly explain the variation in YCS (Table II) . 
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Flows in the months June to August were significantly inversely correlated with YCS, with the greatest proportion of the variability explained by August flows, followed by flows in July and June. Flows in May, September and October were not significantly correlated with YCS (Table II) .
The monthly environmental variables were analysed in various combinations using multiple regression. Mean temperature in June to August explained a significant portion of the variability, the inclusion of additional variables did not increase significantly the level of variability explained. Mean temperature for the three month period accounted for 77.1 % of the variability in Log e YCS (Figure 8 ). 
DISCUSSION
The level of variation, as measured by the coefficient of variation, in recruitment found in this study of 124.5 % is similar to that reported by HENDERSON and SEABY (1999) of 110.3 % (n = 18 ; 1981 to 1998 for 0+ Alosa fallax from the Bristol Channel and by THIEL et al. (1996) of 118.1 % for the Elbe, Germany (n = 5 ; 1989 to 1994) . It also compares very closely to that estimated for Alosa alosa from the River Loire (France) of 124.4 % for the 1980 to 1992 year classes (MENNESSON-BOISNEAU et al., 1999) . However, the spawning in 1983 coincided with a 1:100 year flood, which opened up much of the Loire that was usually inaccessible to allis shad for reproduction. If the 1983 year class was excluded then the coefficient of variation reduced to 55.8 %. This level of variation in recruitment for the Severn population of Alosa fallax is likely to have lead to the adoption of iteroparity (ROFF, 1992) with fish in the Severn spawning as many as seven times (MENNESSON-BOISNEAU et al., 2000) .
The extension of the data set by extrapolation and prediction did not alter the conclusion that water temperature was positively correlated and river flow negatively correlated with YCS. This is in agreement with the conclusions of HOLMES and HENDERSON (1990) that good recruitment is associated with warm years. The prediction of the adult CPUE index of female fish aged 6 from the CPUE of juvenile fish six years previous was very dependent on the 1989 year class, to provide greater confidence in the relationship more data where the CPUE of the juveniles is > 60 ind. yr -1 are required. 68 % of the variability in the CPUE index of females age 6 was accounted for by the CPUE of juveniles six year previous. Part of the unexplained variance (32 %) may relate to the fact that not all fish experience the same level of mortality as a result of (1) spatial segregation and (2) variation in the age at maturity. It has been hypothesised that the population congregates at sea (APRAHAMIAN, 1985 ; APRAHAMIAN and LESTER, 2001) and are thus considered to be subject to the same or similar environmental pressures. However, it is realised that an unknown portion of the population re-enter the estuary the following April (APRAHAMIAN, 1988) and are thus unlikely to be subject to the same abiotic and biotic conditions as those fish which remain at sea. Part of the unexplained variance may also relate to differences in mortality pre and post maturation. APRAHAMIAN and LESTER (2001) found that some year classes notably the 1976 year class matured mainly at ages 5 and 6 and thus experienced mainly pre-maturity levels of mortality. While the 1982 year class matured at age 4 and thus by age 6 had experienced a combination of both immature and adult mortality levels. Though the instantaneous rate of mortality once fish have matured has been estimated at 0.53 ± 0.18 (APRAHAMIAN, 1998) , no estimate of mortality pre-maturation has been determined.
The importance of environmental factors in regulating the size of anadromous Alosa populations has also been reported by CRECCO and SAVOY (1984) , LEGGETT (1977) and MARCY (1976) . CRECCO and SAVOY (1984) found that June temperature, river flow and precipitation explained 40.2 %, 46.2 % and 50.4 % of the variability in YCS (P < 0.05) for A. sapidissima and correlation coefficients for all other months were generally < 0.3 (P > 0.05). YCS was positively correlated with temperature and inversely related to flow and rainfall. MARCY (1976) reported that 46 % of the total varia juvenile A.sapidissima could be explained by river discharge during June, though this was tion in the production of not significant at the 5 % level of probability. However, a multiple regression relating juvenile abundance to both density independent and dependent factors which explained 86 % of the total variation, showed river discharge to be the most important factor, followed by temperature with a smaller influence from the number of adults available to spawn. However, LEGGETT (1977) reported that of these three variables, river discharge was the least important explaining between 0.7 % and 3.0 % of the variation in juvenile abundance (this difference was found to be the result of miscalculation of the data by MARCY (1976) (W.C. LEGGETT, Queens University, Kingston, Ontario, K7l 3N6, Canada). SHOUBRIDGE and LEGGETT (1978) found that 58 % of the variation in YCS for A. sapidissima could be predicted from water temperature during and shortly after spawning, indicating that the egg and larval stages represent the critical period. Similarly for landlocked populations of A. pseudoharengus, HENDERSON and BROWN (1985) found that survival of 0+ fish was positively related to the water temperature in June (r 2 = 0.28) and July (r 2 = 0.18).
Temperature may be acting through a physiological response in controlling the population possibly by its effect on hatching success and/or growth rate. Spawning takes place from May through to July with peak spawning occurring in June (APRAHAMIAN, 1982) . HOESTLANDT (1958) mentions for Alosa alosa that at temperatures below 16 o C the larvae die in the eggs, while at temperatures below 18 o C the larvae are not in good condition and have difficulty in emerging from the egg (CASSOU-LEINS and CASSOU-LEINS, 1981) . MANN (1991) suggested that an increase in temperature may result in faster growth, so that the 0+ fish pass more rapidly through the stage at which they are vulnerable to predation from aquatic invertebrates. Temperature may also be impacting on the population through its effect on food production. Certainly in the Connecticut River CRECCO and SAVOY (1987) found a significant positive correlation between YCS and zooplankton density, which may itself be under the control of temperature, and between YCS and the percentage of larval shad (< 13 mm) with food in their guts. The similarity in the coefficient of variation between this study and that of HENDERSON and SEABY (1999) support the conclusion that the mechanism operates during the first four months before the fish migrate seaward in the autumn (CLARIDGE and GARDNER, 1978 ; APRAHAMIAN, 1988) .
The negative effect of river flow on year class strength could act in a number of ways ; (1) an increase in unfavourable feeding conditions (increased turbidity), (2) the transport of the juvenile stages and their food to areas of low food density, (3) the transport of juveniles to areas where they are physiologically unsuited and (4) the transport of juveniles to areas of higher predation. Flow at the time of upstream migration to the spawning grounds in May did not appear to influence YCS. In contrast on the Loire high flows during the spring migration period was related to high levels of recruitment, fish being able to access infrequently used spawning grounds (MENNESSON-BOISNEAU et al.,1999) . In the Severn the weirs at Worcester determine the limit of their distribution. The fact that flows in May do not appear important in determining YCS may be due to the fact that over the period between 1972 and 1996 flows have not been great enough to make the weirs passable.
The inclusion of environmental factors in stock recruitment models has been found to increase significantly their prediction capability. Models incorporating a combination of environmental factors (June flow, May flow, May and June rainfall) and parent stock size was found to explain between 80.5 and 88.9 % of the variability in recruitment for A. sapidissima in the Connecticut River (CRECCO et al., 1986 ; CRECCO and SAVOY, 1987) . Density dependent effects on recruitment have been reported for Alosa sapidissima on the Connecticut River by LEGGETT (1976 LEGGETT ( ), (1977 and by CRECCO et al. (1986) . LEGGETT (1977) showed for A. sapidissima on the Connecticut River that both egg to adult survival and growth rate of juvenile (age 0+) American shad was negatively correlated with the size of the spawning stock. Similarly CRECCO et al. (1986) reported that density dependent factors accounted for 26 % of the variability in year class strength of American shad from the Connecticut River. Strong density dependent regulation is also evident from the study of Alosa alosa in the Loire by MENNESSON-BOISNEAU et al. (1999) . It is apparent from the data that when the dominant 1983 year class matured the abundance of the resulting progeny were at a similar level to that of the other year classes studied during the period. Landlocked populations have also shown density dependent regulation with recruitment of Alosa pseudoharengus varying inversely with the size of the spawning stock (BROWN, 1972) . The lack of a stock recruitment relationship has been reported by HENDERSON and BROWN (1985) for the landlocked population of A. pseudoharengus in Lake Huron. In their study density dependent factors, without the influence of climatic factors removed, accounted for between 5 to 7 % of the variation in recruitment. This is similar to that obtained by CRECCO et al. (1986) for A. sapidissima on the Connecticut River of 2 %.
The possibility that large scale environmental factors may act on quite disparate populations in a similar way was postulated by DRIMMELEN (1951) who observed similar patterns of recruitment in Alosa fallax suggesting that large-scale climatic factors might be responsible, particularly flow and temperature. Certainly a similar pattern of recruitment exists in the Severn and Elbe (THIEL et al., 1996) with higher recruitment in 1989 and 1990 compared with the period between 1991 and 1994 ( Figure 9 ). The summer weather pattern in England is strongly influenced by the position of the north wall of the Gulf Stream (WILLIS et al., 1995) . If large-scale global weather patterns are impacting on the population then any change in its position should manifest itself in terms of a change in recruitment, with higher recruitment the further north the north wall is positioned. Figure 10 suggests there might be. The indications from this study are that density independent factors are important in regulating the twaite shad population in the Severn. The implications for management are that exploitation could have a serious impact on the population in particular when there has been poor recruitment because of unfavourable environmental conditions. For example the population in the Severn was very vulnerable to over-exploitation in 1984 and 1985 when the poor recruitment year classes of 1977 to 1981 were moving through the adult population. For this reason it is important to set very conservative exploitation levels. Conservation limits (the stock size above which the population should be maintained) need to be determined for shad populations. These will need to take into account the relationship between stock and recruitment, the frequency of spawning and the environmental affects on recruitment.
CONCLUSION
The variability in recruitment (CV) of Alosa fallax in the Severn was estimated from adult catch data to be 124.5 % and was similar to that reported by other studies in the Severn (HENDERSON and SEABY, 1999) and in the Elbe (THIEL et al., 1996) . Year class strength of A. fallax was positively correlated with the mean daily temperature and negatively correlated with river flow. Multiple regression analysis indicated that water temperature was the only significant variable. Mean daily water temperature between June and August accounted for 77.1 % of the variability in recruitment for the 1972 to 1996 year classes.
